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Short ArticleThe DNA Damage Checkpoint
in Embryonic Cell Cycles Is Dependent
on the DNA-to-Cytoplasmic Ratio
possibility is that maternal components produce an in-
hibitor of the checkpoint response, and this inhibitor
might be removed or inactivated at the MBT. Support
for this idea has come from evidence that phosphoryla-
tion of Cdc25C by Chk1 in normal pre-MBT embryos is
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Denver, Colorado 80262 blocked by phosphorylation of a proximal serine residue
by an unidentified maternal kinase (Bulavin et al., 2003).
Another possibility is that a checkpoint response is sent,
but the magnitude of the response is too low to effi-Summary
ciently engage the cell cycle machinery until a threshold
DNA-to-cytoplasmic ratio is achieved (Kappas et al.,In Xenopus, cell cycle checkpoints monitoring DNA
damage, DNA replication, and spindle assembly do 2000). This possibility has been suggested for the DNA
replication checkpoint based on studies in Xenopus eggnot appear until after the midblastula transition (MBT;
4000 cells). We show that a DNA damage checkpoint extracts, where the ability of DNA replication inhibitors
to block cell cycle progression can be controlled merelycan slow the cell cycle even in 2-cell embryos when the
DNA content is increased. Slowing follows caffeine- by increasing the DNA-to-cytoplasmic ratio to levels
present in somatic cells (Dasso and Newport, 1990; Ku-sensitive activation of the checkpoint kinase, Chk1;
degradation of the cell cycle phosphatase, Cdc25A; magai et al., 1998b). Similarly, the ability of nocodazole
to block mitotic exit in egg extracts is controlled byand inhibitory phosphorylation of Cdc25C and cyclin-
dependent kinases (Cdks). Alterations in the DNA-to- the DNA-to-cytoplasmic ratio, although a larger ratio is
required than for the DNA replication checkpoint (Min-cytoplasmic ratio elicit a dose-dependent DNA dam-
age checkpoint, and the ratio required to activate Chk1 shull et al., 1994; Clute and Masui, 1997).
In this paper, the DNA damage response has beenfor the damage response is lower than that associated
with “developmental” activation of Chk1 shortly after examined in pre-MBT embryos. Earlier work showed
that irradiation of embryos prior to the MBT does notthe MBT. Our results indicate that a maternal damage
response, independent of zygotic transcription, is delay cell cycle progression, inhibit Cdk activity, or acti-
vate Chk1, whereas all these events occur upon irradia-present even in very early embryos, and requires both
double-stranded DNA ends and a threshold DNA-to- tion after the MBT (Anderson et al., 1997; Kappas et al.,
2000; Finkielstein et al., 2001). Experiments carried outcytoplasmic ratio to significantly affect the cell cycle.
in Xenopus egg extracts indicate that supplementation
with large amounts of damaged DNA elicits a DNA dam-Introduction
age response and delays cell cycle progression (Kuma-
gai et al., 1998a; Guo and Dunphy, 2000). Recently, Chk1During early embryogenesis, cells exhibit a simplified
cell cycle lacking gap phases before and after DNA was reported to undergo activation shortly after the
MBT in the absence of DNA damage, representing “de-replication (Newport and Kirschner, 1982a and 1982b).
These specialized cell cycles facilitate the rapid and velopmental” activation of Chk1 (Shimuta et al., 2002).
In this paper, we have investigated the significance ofsynchronous cleavage divisions that are required during
the early stages of development. Additionally, early em- the DNA-to-cytoplasmic ratio for both developmental
and DNA damage checkpoint responses in Xenopus em-bryonic cell cycles are unique in that they lack check-
points that halt cell cycle progression in response to bryos.
incomplete DNA replication, DNA damage, or disrupted
spindles (Clute and Masui, 1997; Anderson et al., 1997; Results
Kappas et al., 2000; Dasso and Newport, 1990; Minshull,
et al., 1994; Finkielstein et al., 2001). In Xenopus em- Microinjection of Embryos with DNA Containing
bryos, the MBT occurs upon completion of the 12th cell Free Double-Stranded Ends Slows
division after fertilization and marks the point during the Early Cleavage Cycles
embryonic development when checkpoints begin to be We and others have previously shown that DNA damage
established (Clute and Masui, 1997; Newport and Dasso, that causes double-strand breaks does not arrest or
1989; Finkielstein et al., 2001). delay cell cycle progression in early Xenopus embryos
In principle, a number of mechanisms could contribute until after the MBT (Anderson et al., 1997; Kappas et
to the appearance of checkpoints after the MBT. In em- al., 2000; Finkielstein et al., 2001). In principle, this could
bryos, key components of checkpoint signaling path- occur because a DNA-based signal might require a
ways may be dependent on zygotic transcription. This threshold amount of DNA to elicit a signal of sufficient
has been suggested as one possible explanation for the magnitude to affect the cell cycle. In order to test the
inhibition of apoptosis after the MBT in response to latter hypothesis, embryos were microinjected at the
ionizing radiation, which correlates with zygotic tran- 2-cell stage with DNA oligonucleotides (dA-dT)70, con-
scription of Bcl-2 (Cruz-Reyes and Tata, 1995). Another taining free double-stranded DNA ends. Microinjection
of one blastomere of a 2-cell embryo with double-
stranded DNA resulted in a dramatic slowing of the early*Correspondence: jim.maller@uchsc.edu
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Microinjection of Embryos with DNA Containing
Free Double-Stranded Ends Results
in Caffeine-Sensitive Activation of Chk1
and Inhibition of CDK Activity
An important unanswered question is whether the mech-
anism of cell cycle arrest by DNA damage in embryos
is similar to the well-studied mechanism in somatic cells,
which results in inhibitory tyrosine phosphorylation of
Cdks. Therefore, embryos microinjected with water or
single- or double-stranded DNA were analyzed by im-
munoblotting with an antibody that specifically recog-
nizes Tyr-15 phosphorylated Cdks. These experiments
demonstrated that free double-stranded DNA ends
cause a dramatic increase in the inhibitory phosphoryla-
tion of Cdks (Figure 1B). This response was specific for
double-stranded DNA ends, as microinjection of water
or single-stranded DNA had no effect. Moreover, histone
H1 kinase assays demonstrated that total histone H1
kinase activity was inhibited by as much as 55% in
response to DNA containing double-stranded ends,
whereas only a slight decrease in histone H1 kinase
activity was observed with single-stranded DNA (Figure
1C). These results suggest that Tyr-15 phosphorylation
and the inhibition of Cdk activity are responsible for the
slowing of the early embryonic cell cleavage cycles in
response to free double-stranded DNA ends.
Checkpoint kinase 1 (Chk1) is a serine/threonine ki-
nase activated by phosphorylation on Ser-342 in re-
sponse to genotoxic stress, which ultimately partici-
pates in the inhibition of Cdk activity elicited by DNA
damage (for review, see Bartek and Lukas, 2003). To
determine if Chk1 is activated by DNA with double-
stranded ends, both blastomeres of 2-cell embryos were
injected and analyzed by immunoblotting with antibod-
ies specific for Chk1 phosphorylated on Ser-342. As
shown in Figure 1B, Chk1 was specifically activated by
DNA containing free double-stranded ends, but not by
Figure 1. Pre-MBT Embryos Have a DNA Damage Response single-stranded DNA or water controls. Furthermore,
(A) One blastomere of a 2-cell Xenopus embryo was microinjected checkpoint activation is immediate and Chk1 activation
with water, poly-(dA) 70 mers, or a preannealed mixture of poly- can be seen as soon as 15 min after injection of double-
(dA-dT) 70 mers (25 ng total), as indicated and visualized by micros-
stranded oligonucleotides (Figure 1D). Collectively,copy 3.5 hr postinjection (4.5 hr following fertilization).
these data indicate that pre-MBT embryos have the ca-(B) Both blastomeres of 2-cell embryos were microinjected with
the indicated oligonucleotides (25 ng/blastomere). Embryos were pacity to rapidly elicit a conserved DNA damage signal-
collected 2 hr postinjection, lysed, and subjected to immunoblotting ing pathway in response to double-stranded DNA, and
with antibodies specific for pTyr-15 of Cdc2 and pSer-345 of human this pathway can be experimentally activated by in-
Chk1 (which recognizes Xenopus Chk1 phosphorylated by ATR on
creasing the DNA-to-cytoplasmic ratio.Ser342). Blots were then stripped and probed for total Cdc2 and
The PI-3-like kinase ATR phosphorylates XenopusChk1 to control for loading.
(C) Lysates from embryos injected with H2O, control (dA)70 or (dA-dT)70 Chk1 on Ser-342, and activation of Chk1 in response to
were analyzed for histone H1 kinase activity, more than 90% of DNA damage is dependent upon ATR (Guo et al., 2000;
which is due to cyclin B/Cdc2. Hekmat-Nejad et al., 2000). Furthermore, maternal ATR
(D) Embryos were collected at 15, 30, and 60 min following microin-
is present during early embryogenesis in Xenopus (Guojection of the indicated oligonucleotides and analyzed for Chk1 acti-
et al., 2000; Hekmat-Nejad et al., 2000). Numerous stud-vation and total Chk1 as above. Similar results were obtained from
ies have shown caffeine to be a potent inhibitor of ATM/three independent experiments.
ATR activity (reviewed in Abraham, 2001). We therefore
hypothesized that if ATR is required for activation of
Chk1 in pre-MBT embryos, then caffeine should abro-embryonic cleavage cell cycle, whereas microinjection
gate its activation and the slowing of the cell cycle inof single-stranded DNA (dA)70, (dT)70 (data not shown),
response to double-stranded DNA ends. To test thisor water had no appreciable effect (Figure 1A). Slowing
hypothesis, embryos were injected as before, immedi-of early embryonic cell division in response to double-
ately placed in buffer with or without caffeine, and 2 hrstranded DNA ends is immediate and thus takes place
well before the MBT. later analyzed for the ATR-dependent activation of Chk1
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positive regulators of Cdk activity during cell division.
The ATM/ATR-Chk1 pathway inhibits Cdk activity in re-
sponse to genotoxic stress by two primary mechanisms,
both of which involve targeting Cdc25 phosphatases.
One involves the direct phosphorylation of Cdc25A by
Chk1, which targets it for ubiquitin-mediated degrada-
tion, thus maintaining inhibitory tyrosine-15 phosphory-
lation on Cdks (Mailand et al., 2000). The second mecha-
nism is through phosphorylation by Chk1 of Cdc25C on
Ser-287 (Ser-216 in human Cdc25C), which results in
the binding of 14-3-3 proteins to Cdc25C and interfer-
ence with its ability to activate mitotic cyclin/Cdk com-
plexes (Peng et al., 1997; Sanchez et al., 1997; Kumagai
et al., 1998b). Immunoblotting using an antibody that
recognizes Cdc25A demonstrates that Cdc25A is de-
graded in pre-MBT embryos in response to double-
stranded DNA ends but not with single-stranded DNA
or water controls (Figure 2B). Additionally, degradation
of Cdc25A is associated with a marked reduction in
electrophoretic mobility, consistent with phosphoryla-
tion of the protein (Figure 2B, long exposure). Further-
more, both the reduced mobility and degradation of
Cdc25A are effectively inhibited by caffeine. These data
demonstrate that the ATM/ATR-mediated pathway elic-
ited by double-stranded DNA ends in pre-MBT embryos
stimulates Chk1-dependent degradation of Cdc25A to
achieve negative regulation of Cdk activity.
Lysates from embryos treated as above were also
immunoblotted with antibodies specific for phosphoser-
ine-287 of Cdc25C (Ser-216 in human Cdc25C), which
is phosphorylated by Chk1 in response to DNA damage
(Peng et al., 1997; Sanchez et al., 1997; Kumagai et al.,
1998a). These experiments revealed a modest but consis-
tent increase in Ser-287 phosphorylation of Cdc25C in
pre-MBT embryos upon injection of DNA containing free
double-stranded ends (Figure 2B). Treatment of theseFigure 2. Activation of a DNA Damage Checkpoint in Pre-MBT
Embryos Is Caffeine Sensitive embryos with caffeine decreased but did not completely
Embryos were microinjected as before and placed in control buffer abolish the increase in Ser-287 phosphorylation. This
or 10 mM caffeine. Embryos were collected 2 hr later and subjected indicates that inhibition of Cdc25C may also play a role
to immunoblotting with antibodies specific for pSer-345 of hChk1 in slowing of the early embryonic cell cleavage cycles
and pTyr-15 of Cdc2 (A) or with antibodies specific for Cdc25A and in response to DNA containing free double-stranded
pSer-216 of human Cdc25C (which recognizes Xenopus Cdc25C
ends. Furthermore, these results suggest that caffeine-phosphorylated by Chk1 on serine-287) (B). Blots were stripped
insensitive pathways contribute to inhibition of Cdc25Cand probed for total Chk1, Cdc2, or Erk2 as a control. Data are
in this system.representative of three independent experiments.
The DNA Damage Checkpoint in Pre-MBT
Embryos Is Dose Dependentby immunoblotting. As shown in Figure 2A, the activation
If the embryo senses the absolute ratio of DNA-to-cyto-of Chk1 with double-stranded DNA ends is completely
plasmic volume, there should be an initial threshold forinhibited by treatment with caffeine. A dramatic de-
a checkpoint response that then exhibits dose depen-crease in Tyr-15 phosphorylation was also evident when
dence. To investigate this possibility, various amountsATM/ATR were inhibited by caffeine. This supports the
of double-stranded DNA oligonucleotides that reflectidea that Chk1 signaling pathway(s) activated by ATM/
the approximate levels of DNA present during the firstATR in pre-MBT embryos are largely responsible for the
12 cell cycles postfertilization were divided and injectednegative regulation of Cdk activity and slowing of the
equally into both blastomeres of 2-cell embryos. A dose-cell cycle induced by DNA containing free double-
dependent relationship between the DNA-to-cytoplasmicstranded ends.
ratio and the capacity to activate a DNA damage check-
point in early embryos was monitored by the activation
Activation of a DNA Damage Checkpoint in Pre-MBT of Chk1 and the Tyr-15 phosphorylation of Cdc2 (Figure
Embryos Results in the Degradation of Cdc25A 3A). The activation of Chk1 in early embryos first ap-
and Inhibitory Phosphorylation of Cdc25C peared at a DNA level of 3.12 ng/embryo, which roughly
The Cdc25 phosphatases remove inhibitory Tyr-15 correlates with the 10th cell division, and attained maxi-
mal activation at a DNA level of 25.0 ng/embryo, whichphosphorylation of Cdks and therefore are important
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ratio. In order to distinguish between the two possibili-
ties, experiments were preformed exactly as above ex-
cept that (dA-dT)35 was used in place of (dA-dT)70. This
results in a given concentration of (dA-dT)35 having twice
the number of DNA ends as (dA-dT)70. If the dose-depen-
dent acquisition of checkpoints in the embryo results
from reaching a critical molar concentration of free DNA
ends, then we would expect activation of Chk1 by (dA-
dT)35 at half the amount of DNA required to activate Chk1
by (dA-dT)70. However, the activation of Chk1 displayed
the same dose dependence with (dA-dT)35 as with (dA-
dT)70 (Figure 3B). Furthermore, activation of Chk1 by
microinjection of linearized pCS2 plasmid DNA had a
dose dependence similar to that of (dA-dT)70, despite
having a 100-fold lower molar concentration of free dou-
ble-stranded ends (see Figure 4B). Collectively, these
results indicate that activation of Chk1 occurs when
embryos sense double-strand breaks within the context
of an appropriate total DNA-to-cytoplasmic ratio.
The Developmental Activation of Chk1 and the
DNA Damage Checkpoint Require Different
DNA-to-Cytoplasmic Ratios for Chk1 Activation
Recently, it has been reported that Chk1 is not capable
of being activated in response to DNA damage until the
MBT (Kappas et al., 2000). However, Shimuta et al. (2002)
have recently shown that in the absence of DNA damage
Chk1 is transiently activated shortly after the MBT, at
the early gastrula transition, and this developmental
checkpoint likely participates in the establishment of
gap phases in subsequent cell cycles. One possibility,
therefore, is that the activation of Chk1 observed upon
microinjection of double-stranded oligonucleotides sim-
ply reflects precocious activation of the developmental
checkpoint in response to MBT levels of DNA. In order
to distinguish between developmental activation ofFigure 3. The DNA Damage Checkpoint in Pre-MBT Embryos Is
Chk1 and a DNA damage-induced checkpoint, embryosDose Dependent
were injected as above with various amounts of pCS2Both blastomeres of 2-cell embryos were microinjected for a total
DNA concentration equaling the indicated amounts of (dA-dT)70 (A) plasmid DNA that had or had not been linearized to
or (dA-dT)35 (B). Embryos were collected 2 hr following microinjection produce double-stranded DNA ends (Figures 4A and
and analyzed for the activation of Chk1 by immunoblotting with 4B). These experiments revealed a clear requirement
antibodies specific for pSer-345 of hChk1 and/or pTyr-15 of Cdc2.
for double-stranded DNA ends for activation of a DNABlots were stripped and probed for total Chk1 and Cdc2 to control
damage checkpoint in early embryos. Whereas prema-for loading. Similar results were obtained from three independent
ture activation of Chk1 can be seen by injection of MBTexperiments.
levels (25 ng/embryo) of plasmid DNA into pre-MBT em-
bryos, little to no activation of Chk1 was seen at lowerapproximates the amount of DNA present in an embryo
levels of DNA, indicating that an MBT level of undam-at the MBT (Figure 3A). Similarly, there was a clear dose-
aged DNA can trigger the developmental activation ofdependent relationship between the DNA-to-cytoplasmic
Chk1 (Figure 4A). In contrast, the same experimentsratio and Tyr-15 phosphorylation of Cdc2 (Figure 3A). Tyr-
with plasmid DNA that had been linearized with HindIII15 phosphorylation of Cdc2 was first observed at a DNA
demonstrated activation of Chk1 at DNA levels as lowlevel of 3.12 ng/embryo and showed a gradual increase,
as 6.25 ng/embryo, similar to results seen with syntheticpeaking at a DNA level of 25 ng/embryo. These results
oligonucleotides (Figures 3A and 4B). Furthermore, em-clearly indicate that a critical DNA-to-cytoplasmic ratio
bryos injected with cut plasmid DNA die shortly afteris required before an embryo can activate a DNA dam-
MBT onset, approximately 5 hr postfertilization. In con-age checkpoint response to double-stranded DNA
trast, embryos injected with uncut plasmid DNA exhibitbreaks.
normal viability (data not shown). This indicates that theOne caveat of this interpretation is that increasing the
DNA damage and developmental checkpoints in earlyDNA concentration with synthetic DNA oligomers results
embryos have distinct outcomes. Furthermore, the twoin a concomitant increase in free double-stranded DNA
checkpoints display a different dose-dependent rela-ends, raising the possibility that the molar concentration
tionship between the DNA-to-cytoplasmic ratio and theof free double-stranded DNA ends dictates the acquisi-
tion of checkpoints rather than the DNA-to-cytoplasmic capacity to activate Chk1.
Activation of Chk1 in Pre-MBT Embryos
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is insufficient to cause the developmental activation of
Chk1, and, similarly, linearized pCS2 at a total concen-
tration of 0.625 ng/embryo is insufficient to activate the
DNA damage checkpoint. However injection of embryos
with a mixture of 0.625 ng of linearized pCS2 and uncut
pCS2 to give a final concentration of 6.25 ng/embryo
results in activation of Chk1. This indicates that early
embryos have the capacity to sense double-stranded
DNA ends if an appropriate DNA-to-cytoplasmic ratio
exists.
Discussion
It has previously been unclear why early embryonic cell
cycles are refractory to DNA damage and what regulates
the acquisition of DNA damage checkpoints at the MBT.
Experiments examining the ability of inhibitors of DNA
replication to arrest cell cycle progression in cell-free
extracts have led to the hypothesis that a low DNA-to-
cytoplasmic ratio precludes the ability of the embryo to
activate a replication checkpoint response (Dasso and
Newport, 1990). A recent report suggests that the DNA
replication checkpoint in Xenopus embryos is largely
dependent upon Cdc25C phosphorylation at Ser-287
(Bulavin et al., 2003), and the absence of a replication
checkpoint prior to the MBT is due to phosphorylation
of Ser-285 by an unknown kinase, which inhibits subse-
quent phosphorylation of Cdc25C by Chk1 on Ser-287.
Using the same phosphoserine-285 antibody (Bulavin
et al., 2003), we find that activation of a DNA damage
checkpoint by double-stranded DNA ends does not
change phosphorylation on Ser-285, even though the
Ser-287 phosphorylation increases (data not shown and
Figure 2B).
Given that pre-MBT embryos are transcriptionally in-
ert (Newport and Kirschner, 1982b) and that the re-
sponse to double-stranded DNA ends is immediate, the
signaling pathways required for detection and response
to double-stranded DNA ends must be functional due
to maternal components present in pre-MBT embryos.
Our data indicate that embryos have the capacity to
activate Chk1 in an ATR-dependent manner prior to the
MBT, and this activation is specific for DNA containing
double-stranded ends. As it is known that considerable
Figure 4. The Developmental Checkpoint and the DNA Damage
cross-talk exists in the ATM/ATR pathways, it cannotCheckpoint Activate Chk1 at Different DNA-to-Cytoplasmic Ratios
be excluded that ATM is also activated by the injectedBoth blastomeres of 2-cell embryos were microinjected for a total
DNA. Consistent with this, a modest level of Cds1 (Chk2)DNA concentration equaling the indicated amounts of pCS2 plasmid
activation was seen in early embryos injected with DNA(A) or pCS2 plasmid linearized with HindIII (B). Embryos in (C) were
microinjected with the indicated amounts of pCS2, pCS2/HindIII, or containing double-stranded ends, as assessed by phos-
a mixture of pCS2 (5.625 ng/embryo) and pCS2/HindIII (0.625 ng/ phorylation of Thr-359 (Thr-387 in human Chk2) (C.W.C.
embryo) totaling 6.25 ng/embryo. Embryos were collected 2 hr fol- and J.L.M., unpublished data).
lowing microinjection and analyzed for the activation of Chk1 by
Previous reports show that exogenous plasmid DNAimmunoblotting with antibodies specific for pSer-345 of hChk1.
injected into early Xenopus embryos undergoes se-Blots were stripped and probed for total Chk1 as a control. Similar
quence-independent replication (Marini et al., 1988;results were obtained from three independent experiments.
Endean and Smithies, 1989). Therefore, an alternative
explanation for these results is that checkpoint activa-We sought to provide further evidence that early em-
tion in response to increasing the DNA-to-cytoplasmicbryos sense double-stranded DNA ends when a suffi-
ratio results from incomplete replication of the exoge-cient DNA-to-cytoplasmic ratio exists. We mixed a lim-
nous DNA, thus producing a concentration-dependentiting amount of pCS2 plasmid that alone is insufficient
increase in stalled replication forks. However, the timeto developmentally activate Chk1 with a small amount
course of plasmid DNA replication is very slow, and noof linearized pCS2 that by itself is also insufficient to
significant replication is observed until 3 hr after injec-activate the DNA damage checkpoint. As shown in Fig-
ure 4C, pCS2 at a total concentration of 6.25 ng/embryo tion (Marini et al., 1988; Endean and Smithies, 1989). In
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contrast, injection of early embryos with DNA containing the cell cycle that occurs several cell divisions after
double-stranded DNA ends results in a rapid activation MBT onset (Shimuta et al., 2002). Although the precise
of Chk1, within 15 min (Figure 1D), before significant mechanism that facilitates this transient activation of
replication has time to occur. Furthermore, addition of Chk1 is unclear, it has been proposed that the exponen-
DNA containing double-stranded ends to M-phase ar- tial increase in the nucleocytoplasmic ratio during the
rested Xenopus egg extracts results in Chk1 activation cleavage divisions produces a transient depletion of
within 10 min (C.W.C., and J.L.M., unpublished data). maternal replication factors, resulting in stalled replica-
Therefore, activation of the checkpoint seen in these tion forks, which would elicit a replication checkpoint
experiments is unlikely to depend upon replication of signal. Such a signal would persist until the onset of
the exogenous DNA. zygotic transcription shortly after the MBT, when mater-
Analogous to what has been reported in somatic cells, nal replication factors would be replaced. Our results
the activation of Chk1 in embryos in response to DNA indicate that this developmental activation of Chk1 can
breaks results in the inhibition of Cdk activity and slow- be activated prior to the MBT by injecting an MBT level
ing of the cell cycle through negative regulation of both of plasmid DNA into 2-cell embryos (Figure 4A). This
Cdc25A and Cdc25C. However, only negative regulation suggests that the developmental activation of Chk1 is
of Cdc25A is completely inhibited by caffeine, sug- a result of the embryo sensing the DNA-to-cytoplasmic
gesting an ATM/ATR-independent mode of inhibiting ratio in the absence of stalled replication forks. Further
Cdc25C in early embryos. This is consistent with recent experiments will be required to clarify the signal that
reports indicating that both PKA and CaMKII can nega- facilitates developmental activation of Chk1 shortly after
tively regulate Xenopus Cdc25C through direct phos- the MBT.
phorylation of Ser-287 (Duckworth et al., 2002; Hutchins
Experimental Procedureset al., 2003). It will be of interest to determine if either
of these kinases is modulated in response to DNA dam-
Embryos and Microinjectionsage in early embryos.
Embryos were produced and staged as previously described (An-Studies carried out in haploid budding yeast, which
derson et al., 1997). Microinjection was performed at the 2-cell
have a higher DNA-to-cytoplasmic ratio than early em- stage, approximately 60 min postfertilization. Unless otherwise indi-
bryos, indicate the damage checkpoint is capable of cated, embryos were injected with a total of 25 ng of poly-(dA)70, a
sensing and responding to a single double-strand break, preannealed mixture of poly-(dA-dT)70, or water as a control. pCS2
plasmid DNA was linearized by digestion with HindIII, followingor two double-stranded DNA ends (Sandell and Zakian,
which the DNA was purified and the DNA concentration was deter-1993). Given that the volume of a budding yeast nucleus
mined on agarose gels using DNA of known concentrations as ais 1.3 fL (Wheals, 1987), whereas an embryo has a vol-
standard. For experiments with caffeine, immediately following in-
ume of 1 l, it can be calculated that activation of a jection, embryos were placed in 0.1X MMR containing a final con-
DNA damage checkpoint by cut plasmid DNA (Figure centration of 10 mM caffeine. In all experiments, embryos were
4C) can occur at approximately 0.2 double-stranded collected 3 hr postfertilization (2 hr following injection), frozen on
dry ice, and stored at 80C until further analysis.DNA ends per 1.3 fL. This suggests that the magnitude
of signal needed for a DNA damage response is at least
SDS-PAGE and Immunoblottingas sensitive in vertebrates as in yeast. However, given
SDS-PAGE and immunoblotting was carried out as previously de-that linear DNA molecules can undergo concatameriza-
scribed (Anderson et al., 1997). Antibodies to human pSer-345
tion and/or recircularization when microinjected into hChk1 (Xenopus Chk1 Ser-342), pTyr-15 Cdc2, and pSer-216
Xenopus embryos (Marini et al., 1988; Endean and hCdc25C (Xenopus Cdc25C Ser-287) were obtained from Cell Sig-
Smithies, 1989), these calculations may underestimate naling Technology, Beverly, MA. Antibodies to Cdc2 were obtained
from Santa Cruz Biotechnology, Santa Cruz, CA. Antibodies to Xeno-the sensitivity of vertebrate cells to double-stranded
pus Chk1 were kindly provided by Dr. Jill Sible (Virginia PolytechnicDNA ends.
Institute and State University, Blacksburg, VA). Antibodies to Xeno-Our experiments revealed checkpoint activation with
pus Cdc25A have been described previously (Kim et al., 1999).a DNA-to-cytoplasmic ratio slightly lower than that ob-
served at the MBT. Interestingly, however, slowing of
Histone H1 Kinase Assays
the early embryonic cleavage cycles was not observed To analyze total CDK activity in embryos, samples equivalent to 0.5
at these lower levels of DNA (data not shown). Both embryo were added to histone H1 kinase buffer (50 mM HEPES [pH
Chk1 activation and subsequent inhibitory tyrosine 7.5], 10 mM MgCl2, 1 mM DTT, 0.1 mg/ml BSA, 0.5 mg/ml histone H1)
containing 10 M PKI (heat stable inhibitor of the cAMP-dependentphosphorylation of Cdc2 showed a graded response,
protein kinase) and 100 M [-32P]ATP (600 cpm/pmol) and incu-peaking at a level of DNA approximating that present at
bated at 30C for 20 min. Phosphorylation was terminated by thethe MBT. Injection of DNA containing double-stranded
addition of SDS-sample buffer, and one-fourth of the reaction wasends above MBT levels did not result in a further in-
fractionated by SDS-PAGE. The gels were stained with Coomassie
crease in the activation of Chk1 or inhibitory tyrosine blue and dried, and specific activity was determined by Cerenkov
phosphorylation of Cdc2 (data not shown). Collectively, counting of the excised gel bands.
these results suggest that an early embryo can sense
DNA damage several cell divisions prior to onset of the Acknowledgments
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